Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive gastrointestinal malignancy with a very poor survival rate (i.e., ∼8% 5-year survival rate; [@bib36]). The lethal nature of this disease is due to its increased metastatic rate, which accounts for the extreme mortality rate among PDAC patients ([@bib27]; [@bib5]). To design and create much-needed targeted treatment modalities for PDAC, it is necessary to understand the gene signatures that contribute to its aggressiveness and high metastases. Several studies report the critical involvement of post-translational modifications on proteins during cancer development and progression ([@bib21]; [@bib16]). Further, aberrant changes in glycosylation patterns of proteins have been shown to underlie cancer growth and metastases ([@bib10]; [@bib4]). Proteins can undergo *O-* and *N-*glycosylation, which is determined by the amino acid getting modified by the glycan residues ([@bib38]). Mucin-type *O-*glycosylation is the most common *O*-glycosylation that is initiated in the Golgi apparatus through a large family of 20 enzymes, known as UDP-GalNAc:Polypeptide *N*-acetylgalactosaminyltransferases (i.e., GalNAc-Ts/GALNTs; [@bib3]). GalNAcT enzymes catalyse the first step in mucin-type *O*-glycosylation, wherein these enzymes add an *N-*acetylgalactosamine sugar residue to the serine/threonine (Ser/Thr) residues on their specific substrates. This addition results in the formation of a Tn carbohydrate antigen ([@bib15]), which can be either sialylated to form sialyl-Tn (STn) antigen or it can be extended to several core carbohydrate structures ([@bib43]).

Despite of the functional homology, distinct substrate specificity has been reported for GalNAcTs ([@bib30]). For instance, during breast cancer, GalNAc-T6 has been shown to have a critical role in glycosylation of mucin 1 ([@bib29]). Another study on hepatocellular carcinoma showed the significant involvement of GalNAc-T2 in glycosylation of the growth factor receptor EGFR ([@bib46]). GalNAc-T2 has also been shown to regulate EGFR glycosylation and activity in oral squamous cell carcinoma. ([@bib24]). GalNAc-T3/GALNT3 enzyme is one of the members of the *O-*glycosylation-initiating GalNAc-T family, which has been shown to be highly expressed in oral squamous cell carcinomas and in ovarian cancer ([@bib44]; [@bib11]). Conversely, in lung adenocarcinoma and colorectal carcinoma, decreased expression of GALNT3 is reported, which is associated with a poor prognosis ([@bib6]; [@bib35]; [@bib8]). Few studies in pancreatic cancer have shown loss of expression of GALNT3 in poorly differentiated pancreatic cancer ([@bib47]; [@bib23]). However, the role of GALNT3 in pancreatic cancer progression and metastasis has not been explored much.

The present study elucidates a novel role the loss of GALNT3 has in PDAC aggressiveness. The results from the present study evidence the association between the loss of *O*-glycosyltransferase GALNT3 and an altered glycosylation of ErbB receptors, accompanied by the increased phosphorylation of these growth factor receptors, leading to the increased PDAC aggressiveness. Altogether, our study for the first time showed the pathobiological implications of loss of GALNT3 in poorly differentiated PDAC.

Materials and methods
=====================

Tissue samples from PDAC patients
---------------------------------

After approval of institutional review board, formalin-fixed paraffin-embedded tissue specimens from pancreatic cancer patients who underwent Whipple surgery were retrieved. In addition, we also obtained tissue arrays (US Biomax-PA 1002a A009 and BIC14011) that were representative of normal pancreatic tissues, chronic pancreatitis, pancreatic intraepithelial precursor lesions (PanINs) and PDAC (i.e., well-differentiated, moderately differentiated and poorly differentiated cancer).

Cell lines and cell culture
---------------------------

Human microvascular endothelial cells (HMEC-1) were a kind gift from Dr Rakesh Singh (University of Nebraska Medical Center) and were maintained in 5% RPMI supplemented with [L]{.smallcaps}-glutamine. Human PDAC cell lines CD18/HPAF, BxPC3, Capan-1, and T3M4 were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in recommended media supplemented with antibiotics (10% DMEM for CD18/HPAF, Capan-1 and T3M4 cells, and 10% RPMI for BxPC3 cells). These PDAC cells were maintained in a humidified, 5% CO~2~ atmosphere at 37 °C. All of these cell lines were tested mycoplasma free before conducting the experiments.

Reagents and antibodies
-----------------------

[Supplementary Tables 1 and 2](#sup1){ref-type="supplementary-material"} outline a thorough list of other antibodies and primers used in the study. Biotinylated VVA (binds Tn carbohydrate antigen) and PNA (binds T carbohydrate antigen) lectins were purchased from Vector Laboratories (Burlingame, CA, USA).

Immunohistochemistry
--------------------

Immunohistochemistry (IHC) staining was performed on Whipple samples and tissue arrays to analyse GALNT3 expression using a previously described method ([@bib18]). In brief, after deparaffinisation and dehydration of tissue sections, endogenous peroxidase activity in these human tissues was blocked by 3% H~2~O~2~ for 1 h. Further, antigen retrieval is done by incubating these tissues with 0.01 [M]{.smallcaps} citrate buffer (pH 6.8). Subsequently, the tissue slides were blocked with horse serum, which was followed by their incubation with anti-GALNT3 antibody for 16 h in a humidified chamber at 4 °C. The specificity of the antibody was confirmed using isotype control ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). The sections were probed with Streptavidin HRP and counterstained with haematoxylin. Expression of GALNT3 was analysed by a pathologist. An intensity (0---no staining, 1---weak staining, 2---moderate staining and 3---strong staining) and percentage of positive cells (range 1--4: 0--25% positive cells, equal score of 1; 26--50%, equal score of 2; 51--75%, equal score of 3; and 76--100%, equal score of 4) were recorded. A composite score obtained by multiplying the two values was assigned, and ranged from 0 to 12.

Stable GALNT3 knockdown PDAC cells
----------------------------------

Stable transfection of GALNT3 was performed by inserting a specific shRNA sequence (*5′-GGTCTGATCACTGCTCGGT-3′*) in the following four PDAC cell types: CD18/HPAF, BxPC3, Capan-1 and T3M4 cells. The Phoenix Packaging cell line was transfected with scramble control (Scr) and pSUPER-Retro-sh-GALNT3 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Viral particles collected 48-h post transfection were used to infect CD18/HPAF, BxPC3, Capan-1 and T3M4 cells. Stably transfected, pooled populations of GALNT3 knockdown cells were obtained using the antibiotic selection (Puromycin 4 *μ*g ml^−1^). *N*-acetylgalactosaminyl transferase 3 knockdown cells were maintained in 1 *μ*g ml^−1^ puromycin-selection media.

Immunofluorescence
------------------

Confocal analysis of GALNT3 expression was carried out in CD18/HPAF, T3M4 and Panc-1 PDAC cells. All of these PDAC cells were grown in a 12-well plate dish to 60% confluence on autoclaved cover slips for 48 h. After their fixation with 4% paraformaldehyde (10 min), these PDAC cells were permeabilised with 0.2% Triton-X (15 min). Blocking was completed using 10% bovine serum albumin (BSA; Jackson Immunoresearch Labs, Inc., West Grove, PA, USA), which was followed by overnight incubation with a GALNT3 antibody at 4 °C. The cells were then washed with phosphate-buffered saline (PBS) for 3 × 5 min and incubated in dark for 30 min with FITC-conjugated anti-mouse secondary antibody (Jackson Immunoresearch Labs, Inc.) at room temperature. Cells were washed again (5 × 5 min) in PBS and mounted on glass slides in vectashield-mounting medium that contained the nuclear staining dye DAPI (Vector Laboratories).

Real-time PCR
-------------

RNA is collected from GALNT3 knockdown cells using RNAeasy kit (Qiagen, Valenica, CA, USA). Specifically, 1 *μ*g of the RNA was converted to cDNA, which was further used for RT-PCR quantification of *GALNTs* and epithelial--mesenchymal transition (EMT)-related genes.

Tumour--endothelium cell adhesion assay
---------------------------------------

Adhesion of cancer cells to activated endothelial cells was examined using CytoSelect Tumour--Endothelium adhesion assay kit (Cell Biolabs, San Diego, CA, USA) ([@bib9]). In brief, 10 000--20 000 HMEC-1 endothelial cells were cultured on collagen/gelatin-coated 96-well plates (Black/Clear Flat Bottom-Corning, Corning, NY, USA) till the formation of monolayer. *N*-acetylgalactosaminyl transferase 3 scrambled and knockdown cells (CD18/HPAF and BxPC3) suspension pre-labelled with CytoTracker was placed in 96-well plates containing endothelial cells, and incubated at 37 °C for 1 h. Ninety-six-well plates were then washed three times to remove non-adherent cells. Cell adhesion of labelled scrambled control and GALNT3 knockdown cells was determined by measuring the fluorescence using the fluorescent plate reader at an excitation wavelength of 480 nm and an emission of 520 nm. Percentage adhesion is calculated as follows: % cell adhesion=mean fluorescence intensity of experimental wells/mean fluorescence intensity of total cells plated × 100%

Lectin pull-down assay and immunoprecipitation
----------------------------------------------

Protein lysates (600 *μ*g) collected from scramble control and GALNT3 knockdown cells were incubated with biotinylated VVA (5 *μ*g) and PNA (5 *μ*g) lectins to detect Tn and T carbohydrate antigens, respectively, located on glycoproteins. Proteins bound to these biotinylated lectins were then pulled down using streptavidin agarose (20 *μ*l) as described previously ([@bib33]). Pulled down proteins were then immunoblotted with EGFR and Her2.

Colony formation assay
----------------------

Colony formation assays were performed in scramble control and GALNT3 knockdown cells using standard protocols ([@bib1]). In brief, 500--1000 cells were seeded in six-well plates and allowed to adhere overnight, following which media was changed to 1%, and the colony formation efficiencies of the cells were analysed after 3--4 weeks by staining them with crystal violet (0.1%, w/v) in 20 nM 4-morpholinepropanesulfonic acid (Sigma Chemicals, St Louis, MO, USA).

WST-1 proliferation assay
-------------------------

Effect of GALNT3 knockdown on cell growth was assessed using WST-1 assay. For this assay, 1000 cells were plated onto 96-well plates and allowed to adhere overnight. On the next day, the media was changed to 1% DMEM, and WST-1 reagent was added to each well. Absorbance was measured at 450/630 nm 3 h after WST-1 addition. Similarly, readings taken for another 3 consecutive days ([@bib42]).

Wound-healing assay
-------------------

Cell motility was evaluated in GALNT3 knockdown cells using a wound-healing assay as described previously ([@bib34]). Wound closure was evaluated in scramble control and GALNT3 knockdown cells using Image J software (<https://imagej.nih.gov/ij/>).

Western and lectin blots
------------------------

Western blotting was performed using standard procedures and manufacturer\'s protocols. In brief, lysates were collected from PDAC cells (CD18/HPAF, BxPC3, Capan-1, Panc-1, T3M4, Aspc-1, Colo-357 and MiaPaCa) and GALNT3 knockdown PDAC cells (BxPC3, CD18/HPAF, T3M4 and Capan-1) 48 h after plating. The above-listed lysates (40 *μ*g) were probed for GALNT3 expression using 10% SDS/PAGE. Furthermore, GALNT3 knockdown cells were probed for several other oncogenic signalling proteins using antibodies listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. After appropriate incubation of the secondary antibody, bands were visualised using enhanced chemiluminescence (ECL; Thermo Scientific, Waltham, MA, USA). For lectin blotting, 2% BSA (Jackson Immunoresearch Labs, Inc.) was used for blocking, and streptavidin HRP was applied to visualise bands using an ECL method ([@bib7]).

Statistical analysis
--------------------

For IHC, Student\'s *t-*test was used to determine the statistical significance of variation in GALNT3 composite score among different disease groups. Similarly, for all the functional assays, Student\'s *t*-test was used to determine statistical significance. A *P*-value of \<0.05 was considered statistically significant.

Results
=======

Differential expression of GALNT3 in PDAC cells
-----------------------------------------------

To investigate the expression of GALNT3 during PDAC, a panel of PDAC cell lines derived from well-, moderate- and poorly differentiated carcinomas was used. *N*-acetylgalactosaminyl transferase 3 protein expression was increased in well- and moderately differentiated PDAC cells (CD18/HPAF, Capan-1, SW1990, Colo-357 and BxPC3) as shown by western blot analysis, whereas poorly differentiated PDAC cells displayed no expression of GALNT3 (AsPC-1, Panc-1 and MIA PaCa-2; [Figure 1A](#fig1){ref-type="fig"}). To confirm these findings, immunofluorescence staining of GALNT3 expression was performed for certain PDAC cells with varied differentiation status ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). In accordance with the western blot data, immunofluorescence studies also demonstrated loss of GALNT3 in poorly differentiated PDAC cells. These results suggest that GALNT3 is differentially expressed in PDAC cells.

Increased GALNT3 expression during PDAC progression from PanINs to well/moderately differentiated PDAC, but subsequent loss in poorly differentiated PDAC tissues
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

To further evaluate the relationship between GALNT3 expression and disease progression, IHC staining of GALNT3 was conducted in commercially available tissue arrays comprised of normal pancreatic tissues, samples procured from patients with chronic pancreatitis, PanINs and PDAC (well differentiated, moderately differentiated and poorly differentiated). Immunohistochemistry staining was also performed on archived PDAC tissues procured via the Whipple procedure. Granular cytoplasmic pattern of staining was observed in tissues positive for GALNT3 expression. Normal pancreatic ducts were negative for GALNT3 expression (weak staining in islets of Langerhans; [Figure 1C](#fig1){ref-type="fig"}). Majority of chronic pancreatitis and PanINs samples showed negative staining, though weak staining was observed in few PanINs ducts ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Compared with PanIN lesions and chronic pancreatitis, the composite score for GALNT3 increased significantly (*P*\<0.001) in the well- and moderately differentiated PDAC samples. However, the composite score decreased significantly (*P*\<0.05) in poorly differentiated cancer ([Figure 1B](#fig1){ref-type="fig"}). Overall, these results demonstrate that loss of GALNT3 expression occurs primarily during advanced and poorly differentiated PDAC, and not in moderately or well-differentiated PDAC (representative picture---[Figure 1C](#fig1){ref-type="fig"}; [Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}).

GALNT3 knockdown and decreased expression of Tn carbohydrate antigen
--------------------------------------------------------------------

To gain insight into the role of GALNT3 in PDAC progression, knockdown of GALNT3 was performed using specific shRNA in the following four different PDAC cell lines: CD18/HPAF, BxPC3, Capan-1 and T3M4. Knockdown was confirmed by western blot analysis and real-time PCR ([Figure 2A](#fig2){ref-type="fig"}; [Supplementary Figure 1d](#sup1){ref-type="supplementary-material"}). As GALNT3 is the first enzyme in the *O-*glycosylation pathway and catalyses the formation of Tn carbohydrate antigen, we next evaluated the expression of the Tn carbohydrate antigen in GALNT3 knockdown PDAC cells. VVA lectin blot demonstrated a slight decrease in expression of Tn carbohydrate antigen in GALNT3 knockdown PDAC cells ([Figure 2B](#fig2){ref-type="fig"}).

Increased expression of poorly differentiated PDAC cell markers with loss of GALNT3
-----------------------------------------------------------------------------------

Considering that loss of GALNT3 expression occurred in poorly differentiated PDAC cells and tissues, the expression of poorly differentiated PDAC cell markers was examined in GALNT3 knockdown PDAC cells. However, no defined markers exist to characterise well-, moderate- and poorly differentiated forms of PDAC. On the other hand, previous studies show that expression of the protein Sox2 increases in poorly differentiated PDAC cells ([@bib2]; [@bib13]). Another study showed loss of the carbohydrate antigen sialyl Lewis a (SLe^a^/CA-19.9) occurred in poorly differentiated PDAC ([@bib39]). In turn, the expression of Sox2 and SLe^a^ was evaluated in GALNT3 knockdown PDAC cells. Data showed increased expression of Sox2 and decreased expression of SLe^a^ in GALNT3 knockdown PDAC cells ([Figure 2C and D](#fig2){ref-type="fig"}).

Increased PDAC cell growth and proliferation with GALNT3 knockdown
------------------------------------------------------------------

In our results, loss of GALNT3 is observed in the poorly differentiated PDAC and therefore the effect of GALNT3 knockdown on disease aggressiveness was further examined in the study herein. Specifically, *in vitro* assays were used to examine the effect of GALNT3 knockdown on PDAC cell growth and proliferation. WST-1 assay results demonstrated significant increase in proliferation of GALNT3 knockdown CD18/HPAF cells ([Figure 3A](#fig3){ref-type="fig"}). GALNT3 knockdown also increased proliferation of Capan-1 PDAC cells (*P*-value \<0.05; [Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}). Further, increased numbers of colonies were observed in GALNT3 knockdown cells compared with scramble control cells (*P*-value \<0.05; [Figure 3B and C](#fig3){ref-type="fig"}; [Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}). In addition, increased proliferation and numbers of colonies in GALNT3 knockdown PC cells were also associated with increased expression of Cyclin-A ([Figure 3D](#fig3){ref-type="fig"}). Overall, these findings suggest that loss of GALNT3 expression leads to increased proliferation and growth of PDAC cells.

Increased motility and endothelial cell adhesion of GALNT3 knockdown PDAC cells
-------------------------------------------------------------------------------

To determine the effect that GALNT3 has on cancer cell mobility, wound-healing assays were conducted for GALNT3 knockdown CD18/HPAF and BxPC3 PDAC cells. Notably, compared with scramble control cells, GALNT3 knockdown significantly increased the percentage of wound closure after 24 h (*P*-value\<0.05; [Figure 4A](#fig4){ref-type="fig"}). To further assess the effect that GALNT3 has on cancer cell mobility, the expressions of EMT proteins involved in increased cell motility (e.g., E-cadherin, *N-*cadherin, Vimentin and ZEB-1) were examined. Interestingly, increased expression was seen for mesenchymal markers (*N*-cadherin, vimentin and Zeb-1), and decreased expression was seen for epithelial marker (E-cadherin) in GALNT3 knockdown PDAC cells ([Figure 4B](#fig4){ref-type="fig"}; [Supplementary Figure 2c and e](#sup1){ref-type="supplementary-material"}). Further, GALNT3 knockdown CD18/HPAF and BxPC3 PDAC cells also showed EMT-like cell morphology ([Figure 5A](#fig5){ref-type="fig"}).

Next, we evaluated the expression of the terminal carbohydrate epitope, sialylated Lewis x, SLe^x^, for which a study by [@bib19] demonstrated its involvement in metastasis. Data from our study revealed increased expression of SLe^x^ in GALNT3 knockdown CD18/HPAF and BxPC3 PDAC cells ([Figure 5B](#fig5){ref-type="fig"}). In addition, GALNT3 knockdown CD18/HPAF and Capan-1 PDAC cells showed increased expression of sialylated Tn carbohydrate antigen (STn; [Supplementary Figure 2d](#sup1){ref-type="supplementary-material"}). Likewise, prior studies indicate that the negative charge imparted by sialic acid residues allows cancer cells to detach from each other, thus aiding in metastatic dissemination ([@bib32]; [@bib12]). Increases in SLe^x^ and STn carbohydrate antigens in GALNT3 knockdown PDAC cells suggest that there is not a complete abrogation of glycosylation in GALNT3 knockdown cells, which is potentially explained by the compensatory action of other GALNTs. For example, increased expressions of few *GALNT* genes were seen in GALNT3 knockdown cells (such as GALNT2, GALNT10 and GALNT11, GALNT12, GALNT13 and GALNT14; [Supplementary Figure 3a and b](#sup1){ref-type="supplementary-material"}). SLe^x^ carbohydrate antigen has been shown to facilitate cancer cells to cross the endothelium barrier through its interaction with E-selectin on endothelial cells, therefore to investigate the functional impact of increased SLe^x^ expression, we examined the adhesion of GALNT3 knockdown PDAC cells to endothelium cells ([@bib40]; [@bib37]). Interestingly, GALNT3 knockdown CD18/HPAF and BxPC3 cells showed significantly increased adhesion to endothelium cells as compared with scrambled control cells ([Figure 5C](#fig5){ref-type="fig"}). These results suggest that GALNT3 knockdown cells might have increased propensity to metastasise.

GALNT3 knockdown and altered expression of several oncogenic signalling proteins
--------------------------------------------------------------------------------

To gain insight into the mechanisms involved in the increased aggressiveness of PDAC, we investigated the expression of ErbB proteins associated with increased tumour malignancy. Increased phosphorylation of ErbB family of membrane receptors has been implicated in PDAC growth and motility ([@bib22]; [@bib34]). Data from the present study showed increased phosphorylation of ErbB family members, including EGFR, Her2 and Her3, in GALNT3 knockdown PDAC cells compared with scrambled control cells ([Figure 6A](#fig6){ref-type="fig"}).

GALNT3 knockdown and altered glycosylation of EGFR and Her2
-----------------------------------------------------------

To delineate the specific mechanisms by which increased phosphorylation of ErbB family members occurs; the effect of GALNT3 knockdown on *O*-glycosylation modifications on these proteins was investigated. Previous studies evidence the involvement of altered *O*-glycosylation in regulating activation of EGFR ([@bib46]; [@bib24]; [@bib14]). Therefore, to examine the effect of GALNT3 knockdown on Tn and T carbohydrate antigens associated with EGFR and Her2, cell lysates from scramble control and GALNT3 knockdown cells were pulled down using biotinylated VVA (binds Tn carbohydrate antigen) and PNA lectins (binds T carbohydrate antigen; [Figure 6B](#fig6){ref-type="fig"}). VVA and PNA pull-down lysates were further probed with EGFR and Her2/Neu to examine Tn and T carbohydrate alterations on these receptors. Lectin pull-down assay demonstrated increased Tn and T carbohydrate antigens on EGFR and Her2 in GALNT3 knockdown CD18/HPAF and BxPC3 cells ([Figure 6B](#fig6){ref-type="fig"}). Increased Tn and T carbohydrate antigens on these growth receptors in GALNT3 knockdown cells suggest the possible involvement of other GALNTs in EGFR glycosylation in aggressive PDAC. Interestingly, we observed upregulation of GALNT2, which has been shown to enhance the invasive potential of oral squamous cell carcinoma by regulating EGFR glycosylation ([Supplementary Figure 3a and b](#sup1){ref-type="supplementary-material"}) ([@bib24]). However, the role of GALNT2 in EGFR glycosylation in PDAC needs to be explored.

Discussion
==========

Deregulated *O-*glycosylation of several proteins underlies cancer progression and metastasis. Furthermore, altered expression of glycosyltransferases leads to aberrant glycosylation of proteins, thus affecting their function. However, specific glycosyltransferases related to the increased tumour aggressiveness have been unidentified. We identified that the *O-*glycosylation-initiating enzyme, GALNT3 is differentially expressed in PDAC. Using IHC staining, we found that GALNT3 expression decreased markedly in poorly differentiated PDAC. Furthermore, we have analysed some of the poorly differentiation markers in GALNT3 knockdown PDAC cells to prove the concept. However, there are no well-defined markers that can filter poorly differentiated PDAC from moderately or well-differentiated PDAC. On the other hand, recent studies on invasive and poorly differentiated PDAC showed increased expression of the transcription factor SOX2 ([@bib2]; [@bib13]). In turn, we investigated whether loss of GALNT3 leads to increased expression of SOX2, thus serving as a marker for poorly differentiated PDAC cells. Interestingly, GALNT3 knockdown cells showed increased expression of SOX2. Further, we examined the expression of the carbohydrate antigen SLe^a^ in GALNT3 knockdown PDAC cells. SLe^a^, also known as CA-19.9, is a clinically important prognostic marker for PDAC. Still, poorly differentiated PDAC cells have been shown to produce reduced amounts of CA-19.9 as compared with well- or moderately differentiated PDAC cells ([@bib39]). Expression of the carbohydrate antigen SLe^a^ was found to be decreased in GALNT3 knockdown PDAC cells as compared with scramble control cells. These results suggest that knockdown of GALNT3 in PDAC cells might lead to the poorly differentiated state. Our findings are consistent with previous studies also reporting loss of GALNT3 in other poorly differentiated cancers, including thyroid, gastric and colorectal carcinoma ([@bib35]; [@bib28]; [@bib26]). For instance, GALNT3 expression in thyroid carcinoma is indicative of its differentiation status. Notably, poorly differentiated components of papillary thyroid carcinoma were found to be less positive for GALNT3 expression compared with well-differentiated components ([@bib26]). On the basis of these supporting studies, our results strongly suggest that GALNT3 is decreased in poorly differentiated PDAC.

In 2011, a study by Li *et al* investigated the clinical significance of GALNT3 and GALNT6 in PDAC. Their results demonstrated negative staining for GALNT3 expression in poorly differentiated PDAC; however, expression pattern of GALNT3 in different stages of disease progression such as PanINs and chronic pancreatitis was not examined ([@bib23]). Further, the functional role of loss of GALNT3 expression in poorly differentiated pancreatic cancer has not been described in this study. Hence, the objective of our study was to study the impact of GALNT3 loss on pancreatic cancer pathogenesis.

Several studies report associations between GALNT3 expression and clinicopathological features of cancers. For example, in lung adenocarcinoma, decreased expression of GALNT3 is associated with poorly differentiated tumours, poor survival and lymph-node metastasis ([@bib6]; [@bib8]). Similarly, in the case of gastric and colorectal carcinoma, patients with decreased expression of GALNT3 showed poorer survival, whereas patients with strong GALNT3 expression had a good prognosis ([@bib35]; [@bib28]). Taken together, these studies suggest the loss of GALNT3 expression is associated with the more aggressive forms of cancer. In contrast to these studies, where loss of GALNT3 expression correlates with poor survival, a study in renal cell carcinoma shows that patients with positive GALNT3 cases have poor prognosis ([@bib20]). This suggests that the positive/negative correlation of GALNT3 expression with prognosis depends on specific type of tumour.

We next sought to determine the effect of GALNT3 knockdown on the aggressiveness of PDAC cells. Loss of GALNT3 in PDAC cells was accompanied by increased proliferation. Our findings contrast those from a study by [@bib41], wherein data demonstrated that overexpression of GALNT3 leads to increased PDAC growth. In our study, GALNT3 knockdown cells also displayed increased motility, accompanied by altered expression of EMT markers. Interestingly, our results corroborate with previous findings by [@bib17] for hepatocellular carcinoma, wherein cells with increased metastatic potential were marked by decreased expression of GALNT3. In addition, a study by [@bib25], which focused on identifying glycogene alterations in PDAC EMT, also showed downregulation of GALNT3 in mesenchymal-like PDAC cells. On the basis of this [supporting information](#sup1){ref-type="supplementary-material"}, our results suggest that GALNT3 loss leads to the aggressiveness of PDAC cells.

Subsequently, we also found increased expression of SLe^x^ carbohydrate antigen in GALNT3 knockdown PDAC cells, which was associated with increased percentage adhesion of tumour cells to endothelial cells. Further investigations are necessary to identify the proteins carrying increased expression of SLe^x^ carbohydrate antigen in GALNT3 knockdown PDAC cells These results indicate that GALNT3 knockdown cells have increased tendency for intravasation/extravasation, which is essential for metastasis. In accordance with results from the functional studies, we also investigated molecular alterations for several members of the ErbB family based on the previous study that showed the critical involvement of ErbB family members in PDAC growth and motility ([@bib31]). Likewise, we observed increased phosphorylation of EGFR, Her2 and Her3 in GALNT3 knockdown PDAC cells. To further delineate the mechanism by which loss of a glycosyltransferase leads to increased phosphorylation of ErbB proteins and increased cancer aggressiveness, lectin pull-down assays were performed to identify the glycan alterations on EGFR and Her2. Recent studies highlight the significant involvement of *O-*glycosylation modifications on EGFR in regulating EGFR-mediated oncogenic signalling. For instance, knockdown of GALNT2 in oral cancer has been shown to be associated with altered glycosylation and decreased activation of EGFR ([@bib24]). We identified that loss of GALNT3 in PDAC cells was associated with increased expression of Tn carbohydrate antigens on EGFR and Her2 proteins. Altered glycosylation on these members of the ErbB family of proteins could be a plausible mechanism for their increased activation. Increased expression of carbohydrate antigens on EGFR and Her2 with loss of GALNT3 provides a perspective about compensatory role of other members of GALNT family. The likelihood of such a switch in the expression/activity of GALNTs as disease progresses to an aggressive stage needs to be deciphered.

Importantly, our study shows, for the first time, those *O-*glycan modifications exist on Her2. Prior studies have reported the existence of only *N-*glycans on Her2 ([@bib45]). Using the NetOGlyc 4.0 Server (<http://www.cbs.dtu.dk/services/NetOGlyc/>), which predicts mucin-type GalNAc *O-*glycosylation sites in mammalian protein sequences, we found few potential GalNAc *O-*glycosylation sites in the total Her2. This intriguing finding warrants more experimentation to investigate the exact sites of GalNAc *O-*glycosylation and the effect of altered glycosylation on the conformation of members of the ErbB family of proteins and their subsequent interaction with other signalling proteins.

Overall, this study shows a novel role of loss of a glycosyltransferase, GALNT3, in PDAC, which is associated with altered glycosylation of ErbB receptors and increased aggressiveness of PDAC ([Figure 7](#fig7){ref-type="fig"}). Understanding the mechanism by which altered glycosylation brought by loss of GALNT3 leads to increased activation of EGFR and Her2 has the potential to pave the path for the development of novel and more effective therapeutic regimens.
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![**Differential expression of GALNT3 in PDAC cells and tissues.** (**A**) Western blot analysis of GALNT3 expression in a panel of eight PDAC cell lines demonstrates loss of GALNT3 expression in poorly differentiated PDAC cells (WD, well differentiated; MD, moderately differentiated; PD, poorly differentiated). (**B**) Immunohistochemistry (IHC) staining performed on tissues representing chronic pancreatitis, PanIN lesions and different grades of PDAC revealed progressive increase of composite score of GALNT3 from chronic pancreatitis and PanIN lesions to well-differentiated PDAC; however, the composite score is decreased in poorly differentiated PDAC. (**C**) Representative images of GALNT3 immunohistochemical staining in pancreatic cancer progression tissues---upper panel represents H&E staining of normal, chronic pancreatitis, PanIN, moderately and poorly differentiated pancreatic cancer tissues, whereas lower panel represents the corresponding GALNT3 staining in these tissues (figure magnification--- × 400; scale bar, 50 *μ*m; black arrows indicate ductal regions).](bjc2016116f1){#fig1}

![**Altered expression of poorly differentiated PDAC cell markers in GALNT3 knockdown cells.** (**A**) Stable knockdown of GALNT3 was carried out using GALNT3-specific shRNA in four different PDAC cells---CD18/HPAF, BxPC3, Capan-1 and T3M4. Beta-actin was used as a loading control. (**B**) VVA lectin blot demonstrates decrease of Tn carbohydrate antigen in GALNT3 knockdown PDAC cells. (**C** and **D**) Immunoblot analysis shows altered expression of differentiation markers with increased expression of Sox2 and decreased expression of SLe^a^ in GALNT3 knockdown PDAC cells.](bjc2016116f2){#fig2}

![**Effect of GALNT3 knockdown on growth and proliferation of PDAC cells.** (**A**) Bar graph representing significant increase in proliferation of GALNT3 knockdown CD18/HPAF cells (\**P*\<0.001) as demonstrated by WST-1 cell proliferation reagent. (**B**, **C**) Representative pictures of colony formation assay in CD18/HPAF and BxPC3 cells show significant increase in number of colonies (\*\**P*\<0.001) in GALNT3 knockdown PDAC cells. (**D**) Increased expression of cell cycle regulatory protein, Cyclin-A in GALNT3 knockdown cells.](bjc2016116f3){#fig3}

![**Augmented motility of GALNT3 knockdown PDAC cells.** (**A**) Increased percentage of wound closure of GALNT3 knockdown cells after 24 h. Marked areas show places of wound closure in scramble control and GALNT3 knockdown cells. Bar graphs represent a significant increase in the percentage of wound closure in GALNT3 knockdown CD18/HPAF and BxPC3 cells (\**P*\<0.05 for CD18/HPAF, \*\**P*\<0.001 for BxPC3 PDAC cells). (**B**) Altered expression of EMT markers in GALNT3 knockdown PC cells.](bjc2016116f4){#fig4}

![**Altered morphology and increased adhesion of GALNT3 knockdown cells to endothelium monolayer.** (**A**) Epithelial--mesenchymal transition-like morphological changes in GALNT3 knockdown CD18/HPAF and BxPC3 PDAC cells. (**B**) Increased expression of metastatic SLe^x^ carbohydrate epitope in GALNT3 knockdown PDAC cells. (**C**) Bar graphs represent significant increase in percentage adhesion of GALNT3 knockdown cells to endothelial monolayer (\*\**P*\<0.001). Representative immunofluorescent images showing increased adhesion of GALNT3 knockdown cells to endothelium monolayer as compared with scrambled control cells (Green-cancer cells).](bjc2016116f5){#fig5}

![**Increased phosphorylation and altered glycosylation of members of the ErbB family of proteins in GALNT3 knockdown cells.** (**A**) GALNT3 knockdown PDAC cells were associated with increase in phosphorylated forms of ErbB family of receptors such as EGFR, Her2 and Her3. (**B**) Lysates collected from scrambled control and GALNT3 knockdown cells were used for pull-down assays using biotin-conjugated VVA and PNA lectins. Immunoblotting of pulled down precipitates with biotinylated VVA and PNA lectins revealed effective pull down of Tn and T carbohydrate antigens, respectively. Further immunoblotting of pull-down lysates with anti-EGFR and Her2 antibodies demonstrated increase in Tn carbohydrate antigen association with EGFR and Her2 in GALNT3 knockdown CD18/HPAF and BxPC3 cells compared with scramble control cells. GALNT3 knockdown BxPC3 cells also displayed increased expression of T carbohydrate antigen on EGFR and Her2 as compared with scrambled control cells (IB-Immunoblotting, IP-Immunoprecipitation).](bjc2016116f6){#fig6}

![**Schematic illustration describing the impact of loss of GALNT3 on PDAC.** Reduced expression of GALNT3 was observed in poorly differentiated PDAC tissues as compared with well-differentiated PDAC. Therefore, the functional impact of loss of GALNT3 on PDAC cells was studied by stable knockdown of GALNT3 in PDAC cells. (**a**) Knockdown of GALNT3 was associated with increased proliferation and motility. (**b**) Further, GALNT3 knockdown PDAC cells showed increased adhesion to endothelial cells. (**c**) Increased aggressiveness of GALNT3 knockdown PDAC cells was accompanied by increased phosphorylation of ErbB receptors. Altered glycosylation was also observed on ErbB receptors, which suggests the possible involvement of *O*-glycans in regulating ErbB signalling. Overall, loss of GALNT3 leads to increased aggressiveness of PDAC cells.](bjc2016116f7){#fig7}
